a Palladium (Pd)-catalyzed selective hydrogenation of alkynes has been one of the most studied hydrogenation reactions in the last century. However, kinetic studies conducted to reveal the catalyst's active centers have been hindered because of dynamic surface changes on Pd during the reaction. In the present study, bimetallic Pd-Au nanoparticles supported on carbon nanotubes have been synthesized at room temperature as catalysts for selective hydrogenation of phenylacetylene, which show effectively enhanced selectivity compared to their monometallic counterparts. Structural and surface analyses of fresh and reacted catalysts reveal that selective hydrogenation of phenylacetylene is favored over nanosized Pd-Au bimetallic phases due to modifications in the Pd surface in terms of neighboring site isolation and electron density reduction.
Introduction
In the polymerization industry, alkyne removal from alkenes by selective hydrogenation is a process of great significance, because alkyne impurities in alkenes poison polymerization catalysts, leading to product deterioration. 1, 2 Palladium (Pd)-based catalysts, being the most applicable catalysts in alkyne-selective hydrogenation, have been discussed for decades. 3, 4 Owing to the strong affinity of palladium towards H 2 , full hydrogenation of alkynes to alkanes often takes place on monometallic Pd catalysts. 5 In addition, Pd-based catalysts suffer fast deactivation and selectivity reduction because of the generated and accumulated carbonaceous deposits on Pd and its support surfaces. [6] [7] [8] On the other hand, alkyne-selective hydrogenation has been researched using supported Au nanoparticles as catalyst materials in the last decade, as Au alone is regarded as a poor catalyst in alkyne selective hydrogenation. 9, 10 Although the catalytic activity of Au nanoparticles was still inferior to those of other noble metals, Au nanoparticles showed improved selectivities on various supporting materials. 11, 12 In recent decades, bimetallic catalysts have attracted considerable attention because the mixtures often exhibit enhanced catalytic activities, stabilities, or selectivities due to the presence of the second metal component. 13 Among the bimetallic catalysts, the complete miscibility, small amount of lattice mismatch, and vastly different catalytic properties of Pd and Au make Pd-Au a unique system for study. Pd-Au bimetallic nanoparticles are technically important for vinyl acetate synthesis. 14 They also have great potential as catalysts for other industrial processes such as direct H 2 O 2 synthesis. 15 However, applying the bimetallic Pd-Au nanoparticles as catalysts for alkyne selective hydrogenation has rarely been reported. The role of the catalytic modification of Pd by Au in influencing alkyne hydrogenation remains unclear. Moreover, from the Pd-Au catalyst synthesis point of view, simple and environmentally friendly methods are needed for realizing scaled-up conversion under technically relevant conditions. In the present work, Pd-Au/carbon nanotube (CNT) catalysts have been prepared by liquid phase reduction at room temperature, free of additives and byproducts, and phenylacetylene hydrogenations have been carried out over Pd-Au/CNTs and reference catalysts Pd/CNTs and Au/CNTs at 40 1C. Details of the experimental procedures including catalyst preparation, catalyst characterization and catalytic tests are given in the ESI. † Structural and surface analyses were conducted on the fresh and reacted catalysts to investigate the role of the catalytic modification of Pd by Au in affecting the selective hydrogenation pathways.
It shows that metal loadings of the prepared Pd/CNTs and Pd-Au/CNTs are consistent with the values calculated from the added salt ratios. However, for the prepared Au/CNT catalysts, significant differences between the observed and the theoretical values were observed. The results obtained from the ICP-OES measurements indicated that the interaction between the precursor solution of Au particles and the CNT support was poor. This is in line with the research of Jiang Kuiyang, 16 in which he found almost no Au nanoparticles on the nanotubes when acidtreated CNTs were mixed with Au colloids. To ensure that the Au/CNT reference catalyst has a relatively equal amount of Au in comparison to the Pd-Au/CNTs, a new Au/CNTs catalyst was prepared by using the same liquid-phase reduction method, but without the filtration step. The metal loading of the newly prepared Au/CNTs was 8.01 wt% by ICP-OES. Fig. 1 (a) shows a scanning transmission electron microscopy (STEM) image of dispersed Pd-Au bimetallic nanoparticles on the CNTs. Fig. 1(b) shows a high-resolution scanning transmission electron microscopy (HR-STEM) image of the bimetallic nanoparticle at a higher magnification. The elemental maps and STEM-energydispersive X-ray (EDX) analyses of the bimetallic nanoparticles in Fig For the Pd/CNT catalyst, we can see that a complete hydrogenation was achieved under the applied conditions. For the Au/CNT catalyst, the reaction was almost negligible under the applied conditions, as shown in Fig. 2 . For the Pd-Au/CNT catalyst, the reaction took place steadily until conversion, and selectivity towards styrene slowly decreased. In order to prove the improved selectivity toward styrene over Pd-Au/CNTs, the profile of selectivity versus conversion in phenylacetylene hydrogenation over Pd-Au/CNTs is added in Fig. S3 (ESI †). When compared to the monometallic catalysts, the bimetallic catalyst Pd-Au/CNTs showed much improved catalytic performances. The kinetic model and reaction mechanism for phenylacetylene hydrogenation have been discussed previously. 17, 18 It has been reported that hydrogenation of phenylacetylene to the corresponding styrene and ethylbenzene proceeds by a two-pathway mechanism. One pathway involves the direct hydrogenation of the triple bond to a single bond, and the other involves a two-step hydrogenation including the formation of a single or multiple adsorbed species. To investigate the structural stability of the applied catalysts under the reaction conditions, X-ray diffraction (XRD) was applied to the fresh and reacted catalysts (reaction conducted at 40 1C for 60 minutes). The average size of the nanoparticles estimated using Scherrer's equation for the Pd-Au/CNTs, Pd/CNTs and Au/CNTs was calculated to be 9.8 AE 0.2 nm, 9.0 AE 0.2 nm and 10.4 AE 0.2 nm, respectively. A strong diffraction peak at 26.11, corresponding to the hexagonal graphite (002) plane of the CNT support, indicated that the CNT support has a high degree of graphite structure. 19 The presence of
Pd with a face-centered cubic (fcc) structure can be inferred from the diffraction peaks at 39.81 ((111) plane) and 46.41 ((200) plane).
The diffraction pattern of Au/CNTs is not intensive to assign peaks; however, the diffraction pattern of the bimetallic Pd-Au/CNTs ( Fig. 3(a) ) exhibited clear shifts of the Pd diffraction peaks, indicating that partially covalent bonds were formed within the Pd-Au/CNT alloys. Fig. 3 (b) also shows the XRD pattern of the reacted catalyst; no visible changes were observed on Pd-Au/CNTs, indicating that the applied catalyst was relatively thermally stable under the reaction conditions. Raman spectroscopy was applied to evaluate the graphitic structures of the fresh and reacted catalysts. The Raman spectra of the Pd-Au/CNT, Pd/CNT, and Au/CNT catalysts are shown in Fig. 4 . The I D /I G values of the three catalysts before reaction are 0.91, 0.87, and 0.91, respectively, while those after reaction are 0.92, 0.86, and 0.90. Raman characterization shows that there have been no obvious structural changes on CNT supports during the hydrogenation reactions. It means that the byproducts generated during the reaction are not adsorbed on the support surface obviously. The significant differences in reactivity prompted a detailed analysis of the surface properties of the applied catalysts. The surface and near-surface properties of both fresh and reacted catalysts were characterized using X-ray photoelectron spectroscopy (XPS). Fig. 5(a) shows the fitted Pd 3d core-level XPS spectra of the fresh and reacted Pd/CNTs and Pd-Au/CNTs. The Pd 3d(5/2) peak at 335.8 eV for the Pd/CNTs has been reportedly assigned to the monometallic Pd nanoparticles. 20 As the size of the particles decreases the Pd 3d peak undergoes a positive binding energy (BE) shift. Upon addition of Au, the original Pd peak profile is gradually weakened, and a new Pd feature emerges at lower binding energies. This could be a result of strong interaction between Au and Pd as observed in Pd-Au alloys. 21 The presently observed charge redistribution in Pd-Au NPs is caused by Pd losing s, p-electrons and gaining d-electrons with net electron loss, while Au gains net d-electrons. 21, 22 Fig . 5b shows the fitted Au 4f core-level XPS spectra of the fresh and reacted Au/CNTs and Pd-Au/CNTs. It can be seen that the binding energy (BE) of the Au 4f peak for the fresh Au/CNTs is B84.0 eV. Compared to the Au monometallic phases on fresh Au/CNTs, the Au 4f peak is shifted to lower binding energies for Pd-Au bimetallic NPs on CNTs. This is due to electron transfer from Pd to Au, which is in accordance with previous reports in the Au XPS literature. View Article Online Fig. 5 also shows the XPS profiles for the reacted Pd/CNT, Au/CNT, and Pd-Au/CNT catalysts. The distribution of Pd species remained similar, indicating that Pd is reasonably stable. However, in the case of Pd/CNTs and Au/CNTs, the reaction clearly affected the Pd 3d and Au 4f profiles in terms of intensity ratios and peak positions, suggesting the occurrence of dynamic changes on the monometallic surfaces during the selective hydrogenation, while in the Pd-Au/CNT catalyst, relatively stable Pd and Au surfaces were preserved under the same reaction conditions.
In this work, temperature-programmed desorption of H 2 (H 2 -TPD) was employed to investigate the correlation between the active sites and hydrogenation performances from the view of H 2 interaction. Thermal desorption curves of hydrogen from the catalysts are displayed in Fig. 6 . The profile of Pd/CNTs exhibited a peak at 332 1C, whereas there was no peak for Au/CNTs and Pd-Au/CNTs. The H 2 TPD pattern reveals the various interactions between the adsorbed H 2 species and the metal particles. 23 As a result, this was reflected by their reactions:
Au/CNTs showed sluggish reactivity towards phenylacetylene hydrogenation being inert towards H 2 , whereas for monometallic Pd catalysts, complete hydrogenation of phenylacetylene took place over Pd/CNTs due to the strong affinity of palladium towards H 2 in the current study. Therefore, adding Au to Pd suppresses H 2 adsorption, as observed in Fig. 6 . In the current study, the surface functionalities on the CNTs produce an anchoring effect towards salt precursors. Functional groups coordinated with the metal ions were hydrolyzed to crystallize the precursors nucleated on the oxidized carbon supports and to generate nanocrystals. 24, 25 During synthesis, the aggregation of the reduced Pd and Au precursors via Ostwald ripening was hindered by interactions between the metal species and the surface functionalities of the CNTs. In this study, Pd-Au bimetallic phases may have formed in the Pd-Au NPs during the reduction treatments because of the strong driving force for the dissolution of Au in Pd. Meanwhile, after dissolving in Pd, Au appears to have isolated Pd neighboring atoms on the surface and sub-surface regions of Pd-Au alloy NPs. Subsurface chemistry governs the catalytic properties of Pd-based catalysts in selective hydrogenation applications. Pd-hydride (PdH x ), Pd-carbide (PdC y ), or coexisting phases of composition PdH x C y may influence catalysis by modifying and generating additional active phases under reaction conditions. 8 For monometallic Pd catalysts used in the current study, complete hydrogenation of phenylacetylene took place due to the strong affinity of palladium towards H 2 . For the supported Pd-Au bimetallic NPs in the present study, the absence of less surface and subsurface dynamics indicated weaker interactions between Pd-Au/CNTs and H 2 and suggested preferential adsorption toward the alkyne triple bonds (CRCs). Thus, the enhanced preference for adsorbing phenylacetylene and desorbing styrene explains the improved selectivity toward styrene over supported Pd-Au bimetallic NPs.
Conclusions
In this study, supported bimetallic Pd-Au NPs were synthesized at room temperature as catalysts for selective hydrogenation of phenylacetylene with enhanced selectivities compared to their monometallic counterparts. The enhanced selectivities obtained over Pd-Au/CNTs are explained by the hindered surface dynamics of the nanoscale bimetallic phases under a reactive atmosphere and the preference for desorption of partial hydrogenation products. Isolation of neighboring Pd atoms accomplished by adding Au could be responsible for the generation of specific active surface sites that are selective for controlled hydrogenation of phenylacetylene. Moreover, the charge redistribution in Pd-Au NPs can induce weaker interaction between surface modified Pd and H 2 and preferential adsorption toward the alkyne triple bonds (CRCs).
